We report here that SMARCE1 loss induces EGFR expression and confers resistance to MET and ALK inhibitors in non-small cell lung cancers (NSCLCs). We found that SMARCE1 binds to regulatory regions of the EGFR locus and suppresses EGFR transcription in part through regulating expression of Polycomb Repressive Complex component CBX2. Addition of the EGFR inhibitor gefitinib restores the sensitivity of SMARCE1-knockdown cells to MET and ALK inhibitors in NSCLCs. Our findings link SMARCE1 to EGFR oncogenic signaling and suggest targeted treatment options for SMARCE1-deficient tumors.
Introduction
Mutations in several components of SWI/SNF complexes have been linked to malignant transformation and progression. For example, ARID1A is found inactivated by mutations at variable frequency (5%-50%) across a broad range of cancer types including subtypes of ovarian cancer, neoplasms of the liver, colon, stomach, pancreas, lung and breast [1] [2] [3] [4] [5] [6] [7] [8] [9] . In addition to ARID1A, inactivating mutations in SNF5, PBRM1 and SMARCA4 encoding other SWI/SNF subunits also occur at a high frequencies in several types of cancer [10, 11] . SNF5 is mutated in 98% of rhabdoid tumors [12] [13] [14] [15] and PBRM1 is mutated in 41% of renal cell carcinomas [16] . Expression of SMARCA4 is absent in 15%-50% of primary non-small cell lung cancer (NSCLC) samples [17, 18] and inactivating biallelic SMARCA4 mutations are found in almost all cases of small cell carcinoma of the ovary, hypercalcaemic type [19] [20] [21] . In addition, loss-of-function mutations in SMARCE1 are associated with inherited multiple spinal meningiomas [22] and are also found in breast cancer [23, 24] . These examples highlight the tumor suppressor role of the SWI/SNF complexes in human cancer. The molecular mechanisms by which different SWI/ SNF components drive malignant transformation are currently largely unknown. SMARCA4 has been recently shown to regulate expression of MYC-associated factor X gene, MAX, which is inactivated in small cell lung cancer [25] . However, direct links between other SWI/SNF components and oncogenic signaling remains obscure. This is in part because these multi-component complexes are known to vary in their compositions and associations with other cellular components and transcription factors, which in turn control distinct sets of genes and pathways in different cellular and developmental contexts [10, 11, 26] . Thus, the specific mechanisms of different SWI/SNF components are likely context-dependent.
Functional genetic screens provide a powerful tool to uncover novel components of signaling pathways and can help to identify mechanisms of drug resistance in preclinical models of cancer [27, 28] . Using this approach, we previously identified MED12, a component of the transcriptional MEDIATOR complex, as a determinant of responses to inhibitors targeting ALK and EGFR receptor tyrosine kinases in NSCLCs by regulating TGFβ receptor signaling [29] . As observed for ALK and EGFR inhibitors, the rapid development of drug resistance will also present a major clinical challenge for MET inhibitor-based therapies, which are being tested in clinical trials [30] . Herein we employ a functional genetic approach to identify genes that modulate drug responses to MET inhibition in NSCLCs. We identify the SWI/SNF component SMARCE1 (also known as BAF57) as a candidate drug resistance gene for MET and ALK inhibitors in NSCLCs and establish its role in regulating EGFR signaling.
Results

Large-scale RNAi screens identify SMARCE1 as a critical determinant of drug responses to MET and ALK kinase inhibitors in NSCLCs
To identify novel genes whose suppression confers resistance to MET inhibition in NSCLC, we performed a large-scale RNAi screen in the H1993 NSCLC cell line, which is driven by MET amplification and is sensitive to the receptor tyrosine kinase (RTK) inhibitor crizotinib ( Figure 1A , left). Since crizotinib also effectively targets ALK [31] , we compared the top candidates from the H1993 screen to those previously identified in our crizotinib resistance screen in the EML4-ALK translocated H3122 NSCLC cell line [29] (Figure 1A , right). This analysis identified two shRNAs targeting SWI/SNF chromatin remodeling genes ARID1A and SMARCE1 as the only two common top hits enriched in these different screens ( Figure 1A) . These results suggest that these two genes are potential modulators of the response to MET and ALK inhibitors.
To rule out the possibility of "off-target" effects of these vectors in causing drug resistance, two independent shRNA vectors for both ARID1A and SMARCE1 were tested in validation assays in multiple cell systems. We found that the expression of these non-overlapping shRNAs efficiently suppressed expression of ARID1A or SMARCE1 and conferred resistance to crizotinib in MET-amplified H1993 cells in long-term colony formation assays (Supplementary information, Figure S1A and ) and EML4-ALK positive H3122 (as previously described [29] ; right panel) NSCLC cells identify ARID1A and SMARCE1 as the common candidates whose suppression conferred cirzotinib resistance. For the H1993 screen, the NKI human shRNA library was introduced into H1993 cells by retroviral infection, which were then left untreated (control) or treated with 400 nM crizotinib for 14 or 32 days, respectively. After selection, shRNA inserts from both populations were recovered, labeled and hybridized to DNA oligonucleotide arrays for quantification. Data from three independent experiments were normalized, averaged and log 2 transformed as previously described [50] . Relative enrichment values of each shRNA (crizotinib treated vs untreated) are plotted for both screens. The arrow indicates the shARID1A and shSMARCE1 vectors (in Red), which are the only two common hits among the top candidates that were enriched. (B-E) Validation of SMARCE1 in modulating drug responses to MET and ALK inhibitors. Ectopic expression of a RNAi-resistant SMARCE1 cDNA restores the SMARCE1 expression in SMARCE1-knockdown H1993 cells (MET-amplified). H1993 cells expressing pRS control or independent shSMARCE1 vectors were retrovirally infected with viruses containing pMX or pMX-SMARCE1 (RNAi-resistant). The total SMARCE1 protein levels were documented by western blotting. HSP90 was used as a loading control (B). Ectopic expression of a RNAi-resistant SMARCE1 cDNA resensitizes SMARCE1-knockdown cells to MET inhibition in MET-amplified NSCLC cells. The above-described cells (B) were grown in the absence or presence of 300 nM Crizotinib, 150 nM EMD1214063, or 150 nM PHA665752. Cells were then fixed, stained and photographed after 12 days (untreated) or 28 days (treated). Data shown are representative of at least three independent experiments (see Supplementary information, Figure S2 for the quantification and statistical analysis of the independent experiments) (C). Ectopic expression of a RNAi-resistant SMARCE1 cDNA restores the SMARCE1 expression in SMARCE1-knockdown H3122 cells (EML4-ALK positive). H3122 cells expressing pRS control or independent shSMARCE1 vectors were retrovirally infected with viruses containing pMX or pMX-SMARCE1 (RNAi-resistant). The total SMARCE1 protein levels were documented by western blotting. HSP90 was used as a loading control (D). Ectopic expression of RNAi-resistant SMARCE1 cDNA resensitizes SMARCE1-knockdown cells to ALK inhibitors in NSCLC cells harboring EML4-ALK translocation. The above-described cells (D) were grown in the absence or presence of 300 nM Crizotinib, 20 nM Ceritinib or 5 nM NVP-TAE684. Cells were then fixed, stained and photographed after 10 days (untreated) or 21 days (treated). Data shown are representative of at least three independent experiments (see Supplementary information, Figure S2 for the quantification and statistical analysis of the independent experiments) (E). npg www.cell-research.com | Cell Research S1B). Similarly, these knockdown vectors also conferred resistance to ALK inhibition by crizotinib or NVP-TAE684 in EML4-ALK positive H3122 cells (Supplementary information, Figure S1C and S1D). However, suppression of SMARCE1, but not of ARID1A, conferred crizotinib resistance in an additional NSCLC cell line, EBC1 (MET-amplified; Supplementary information, Figure S1E and S1F). These results validate our initial screens, but also indicate that the effect of ARID1A is potentially context-dependent and suggest a major role for SMARCE1 in modulating drug responses to MET and ALK inhibitors in NSCLCs.
To further validate the role of SMARCE1 in modulating drug responses, we performed rescue experiments using an RNAi-resistant SMARCE1 cDNA, and examined additional inhibitors targeting MET (EMD1214063 and PHA665752) and ALK (Ceritinib). EMD1214063 is currently being tested in clinic and ceritinib has been recently approved by the US Food and Drug Administration to treat ALK-positive metastatic NSCLC patients who have shown disease progression or are intolerant to crizotinib. Reconstitution of SMARCE1 expression in SMARCE1-knockdown cells significantly restored the sensitivity of these cells to all MET and ALK inhibitors in both H1993 and H3122 systems ( Figure 1B-1E and Supplementary information, Figure S2 ). Furthermore, we found that SMARCE1 expression levels correlate with drug responses by using a panel of lentiviral shSMARCE1 vectors with different degrees of knockdown efficiency (Supplementary information, Figure S3 ). Taken together, our data demonstrate that SMARCE1 is a genuine on-target hit and establish its critical role in regulating responses to MET and ALK inhibition.
SMARCE1 suppression results in activation of AKT and ERK
To dissect the underlying mechanisms by which SMARCE1 controls drug resistance, we first analyzed the MAPK/ERK and PI3K/AKT signaling cascades, which represent critical pathways downstream of MET Cell lysates were harvested and immunoblotted for SMARCE1, p-AKT (S473), AKT, p-ERK, and ERK. HSP90 was used as a loading control. (B) Knockdown of SMARCE1 leads to activation of AKT and ERK in H3122 cells. H3122 cells expressing pRS control or shSMARCE1 vectors were untreated or treated with 50 nM NVP-TAE684 for 3 h. Cell lysates were harvested and immunoblotted for SMARCE1, p-AKT, AKT, p-ERK, and ERK. HSP90 was used as a loading control. and ALK signaling. We observed that H1993 cells in which SMARCE1 was suppressed maintained significantly higher levels of phosphorylated ERK (p-ERK) in the presence of crizotinib compared to control cells (Figure 2A) . Similarly, SMARCE1 suppression also caused H3122 cells to maintain increased levels of both p-ERK and phosphorylated AKT (p-AKT) in the presence of ALK inhibitor ( Figure 2B ). These results indicate that knockdown of SMARCE1 affects the MAPK/ERK and to a lesser extent the PI3K/AKT signaling routes. Conceivably, activation of these two signaling pathways may contribute to the drug resistance phenotype induced by SMARCE1 knockdown. Consistent with this notion, expression of active alleles of these signaling components demonstrated that MAPK/ERK activation was sufficient to confer resistance to MET and ALK inhibitors in both H3122 and H1993 cells. Activation of PI3K/AKT signaling was also sufficient to bypass the arrest induced by crizotinib although only in H1993 cells (Supplementary information, Figure S4 ). These data suggest that SMARCE1 loss confers resistance to MET and ALK inhibitors by enhancing the activation of both MAPK/ERK and PI3K/AKT pathways.
SMARCE1 suppression leads to induction of EGFR
We next sought to determine the mechanism by which SMARCE1 regulates MAPK/ERK and PI3K/ AKT pathways. As a component of the SWI/SNF chromatin-remodeling complexes, loss of SMARCE1 may directly impact the transcription machinery. Therefore, a subset of the genes/pathways that are dysregulated upon knockdown of SMARCE1 may contribute to activation of MAPK/ERK and PI3K/AKT pathways in causing drug resistance. To identify target genes of SMARCE1, we performed transcriptome sequencing analysis (RNA-Seq) in H3122 and H1993 control cells and multiple SMARCE1-knockdown derivatives thereof (to avoid potential off-target effects). A heat map representation of the top target genes with altered expression upon SMARCE1 knockdown in both H3122 and H1993 cell lines is shown in Figure 3A . Interestingly, we found EGFR among the genes upregulated upon suppression of SMARCE1.
In parallel to the transcriptome analysis, we performed unbiased shRNA re-sensitization screens to identify kinases whose suppression restore sensitivity to crizotinib in SMARCE1-knockdown cells, using a lentiviral shRNA library representing the full complement of 518 human kinases [32] . We only identified EGFR as the common kinase whose suppression restored sensitivity to crizotinib in two independent screens (Supplementary information, Figure S5 ). Our two independent and complementary approaches identified EGFR as a potential SMARCE1 target gene and modulator of drug resistance. EGFR is a well-established oncogenic driver RTK in NSCLCs acting upstream of both ERK and AKT pathways [33, 34] . The upregulation of EGFR in SMARCE1-knockdown cells is consistent with our observation that suppression of SMARCE1 enhances the activation of both MAPK/ERK and PI3K/ AKT pathways ( Figure 2 ). Moreover, EGFR activation has been causally linked to resistance to MET and ALK inhibitors in different experimental systems and lung patients [35] [36] [37] . Collectively, these observations led us to hypothesize that the induction of EGFR is critical for the drug resistance phenotype driven by SMARCE1 loss.
To test this hypothesis, we first examined the EGFR mRNA expression in H1993 and H3122 control cells and multiple SMARCE1-knockdown derivatives by qRT-PCR. In line with our RNA-Seq results, suppression of SMARCE1 induced EGFR expression in both cell systems ( Figure 3A-3C ). Consistently, we also observed that EGFR protein levels were elevated in SMARCE1-knockdown cells and that restoration of SMARCE1 expression in SMARCE1-knockdown cells efficiently suppressed the EGFR induction resulting from SMARCE1-knockdown in both cell systems ( Figure 3D and 3E). These results strongly support a role for SMARCE1 in suppressing EGFR.
As SMARCE1 is known to function through SWI/ SNF complexes, we were next interested in determining whether downregulation of other SWI/SNF components can phenocopy SMARCE1 suppression. We found that knockdown of SMARCE1, ARID1A or SMARCA4 (also known as BRG1, an ATPase SWI/SNF subunit) similarly induces EGFR expression and confers resistance to MET inhibition in H1993 cells (Supplementary information, Figure S6A and S6B). In H3122 cells, knockdown of ARID1A or SMARCA4 also induces EGFR expression but to a lesser extent compared to SMARCE1 suppression, which is consistent with their respective drug responses: SMARCE1 knockdown confers a stronger resistance response compared to ARID1A suppression, and SMAR-CA4 knockdown fails to confer resistance (Supplementary information, Figure S6C and S6D). These differences could likely reflect the context-dependency of SMAR-CA4 and ARID1A, similar to what we observed in EBC1 cells (Supplementary information, Figure S1 ). Taken together, these results support a model that SMARCE1 regulates EGFR expression through SWI/SNF chromatin remodeler complexes, and highlight that SMARCE1 has the dominant role in regulating EGFR expression and drug responses.
Next, it was important to determine whether the regulation of EGFR by SMARCE1 is a general mechanism conserved in heterogeneous lung cancer cell lines and patient tumors. Using mRNA gene expression data (Microarray) from the Cancer Cell Line Encyclopedia (CCLE) [38] , we found an inverse correlation between SMARCE1 and EGFR expression in a panel of 186 lung cell lines (r = -0.42, P = 2.9 × 10 -9 ; Figure 3F ). Furthermore, we also observed a mild but significant in-verse correlation between SMARCE1 and EGFR mRNA expression in a tumor data set comprising 473 human lung adenocarcinomas, using RNA-Seq data from The Cancer Genome Atlas (TCGA; r = -0.14, P = 1.9 × 10 -3 ; Figure 3G ). Collectively, our data establish a novel role of SMARCE1 in suppressing EGFR expression in NS-CLCs.
SMARCE1 suppresses EGFR expression in part through regulating CBX2
Since SWI/SNF complexes are mostly known for their role in activating gene expression [10, 11, 26] , it is conceivable that SMARCE1 suppresses EGFR transcription indirectly by regulating the expression of transcriptional repressors. To address this possibility, we surveyed our transcriptome analysis data for potential known transcriptional repressors of EGFR among the top targets genes that were downregulated upon SMARCE1 knockdown ( Figure 3A ). We found that Chromobox Homolog 2 (CBX2), which encodes a component of the Polycomb Repressive Complex 1 (PRC1), was dependent on SMARCE1 for expression. Previous studies have identified EGFR as a Polycomb target gene in both mouse and human cells [39, 40] , and CBX2 was shown to have the strongest binding to Egfr promoter in mouse ES cells among the different CBX family proteins [41] . Together, these observations suggest that SMARCE1 may be suppressing EGFR transcription through regulating the expression of CBX2.
To test this possibility, we first confirmed that CBX2 mRNA was suppressed upon SMARCE1 knockdown and was associated with induction of EGFR mRNA expression in H1993 and H3122 cells using qRT-PCR ( Figure  4A and 4B). Next, we found that knockdown of CBX2 with two independent shRNAs resulted in increased levels of EGFR mRNA in both H1993 and H3122 cells ( Figure 4C and 4D) , indicating that suppression of CBX2 is sufficient to induce EGFR expression. Similarly, downregulation of BMI1 or RING1A, other key PRC1 components, also resulted in increased EGFR expression in both H1993 and H3122 cells ( Figure 4E-4H) .
Moreover, we performed chromatin immunoprecipitation (ChIP) experiments in H3122 control or SMARCE1-knockdown cells using an antibody against H2AK119ub, which is an established histone mark catalyzed by PRC1 [42] , and subjected the ChIP materials along with whole-cell extracts (WCE) to next-generation sequencing. We identified H2AK119ub signals within 110 kb region downstream of EGFR transcription start site within the first intron, and these signals are reduced in SMARCE1-knockdown cells (Supplementary information, Figure S8 ). The region encompassing the first intron npg www.cell-research.com | Cell Research of EGFR gene has been shown to be critical to regulate EGFR transcription and includes possible binding sites for repressor proteins [43, 44] . Taken together, these data support the role of the PRC1 repressor complex in sup- pressing EGFR.
Consistent with these observations, we found that SMARCE1 expression is positively correlated with CBX2 expression (r = 0.34; P = 1.5 × 10 -6 ) and that CBX2 expression is inversely correlated with EGFR expression (r = -0.43; P = 1.4 × 10 -9 ), in the CCLE lung cell line panel where we observed the inverse correlation between SMARCE1 and EGFR expression ( Figures 4I, 4J and 3F) . Moreover, a positive correlation between SMARCE1 and CBX2 expression (r = 0.18; P = 1.0 × 10 -4 ), as well as an inverse correlation between CBX2 and EGFR expression (r = -0.22; P = 2.3 × 10 -6 ) were also found in the same set of 473 TCGA lung adenocarcinomas ( Figure 4K and 4L), in which we observed the inverse correlation between SMARCE1 and EGFR mRNA expression ( Figure  3G ). Collectively, these results support a model in which SMARCE1 suppresses EGFR expression in part through regulating CBX2 expression in NSCLCs.
In line with this model, we found that restoration of CBX2 by forced expression of a Cbx2-Flag cDNA partially suppresses EGFR induction driven by SMARCE1 knockdown in both H1993 and H3122 cells ( Figure 5A , Figure S7 for additional experiments). (C) SMARCE1 is recruited to regulatory elements of EGFR locus. Chromatin immunoprecipitation (ChIP) experiments were performed in H3122 cells expressing pLKO control or shSMARCE1#3 using an antibody against SMARCE1. ChIP materials along with WCE (whole-cell extract) were sequenced using next-generation sequencing. Enriched regions in the genome were identified by comparing the ChIP samples to mixed input (WCE) using the MACS peak caller. Snapshot of the binding events of SMARCE1 adjacent to or within EGFR gene from two independent biological replicates are shown. Figure S8 ). These results further establish the contribution of CBX2 to the regulation of EGFR by SMARCE1, and suggest that SMARCE1 may also regulate EGFR expression through additional mechanisms that are independent of CBX2.
SMARCE1 is recruited to regulatory elements of EGFR locus
Given that some SWI/SNF complexes are also capable of repressing gene expression [45, 46] , it is also possible that SMARCE1 suppresses EGFR expression through direct regulation. To test this possibility, we performed ChIP experiments in H3122 control or SMARCE1-knockdown cells using an antibody against SMARCE1 and subjected the ChIP materials along with WCE to next-generation sequencing. We found strong SMARCE1 binding peaks spanning the 20 kb region upstream of EGFR gene, as well as the 110 kb regulatory region downstream of EGFR transcription start site within the first intron where H2AK119ub signals were also detected ( Figure 5C and Supplementary information, Figure  S7 ). Similar results were also obtained using a second antibody against SMARCE1 (data not shown). Importantly, these SMARCE1 binding signals were abolished in SMARCE1-knockdown cells, indicating that they are genuine SMARCE1 binding peaks. These observations suggest that SMARCE1 can also potentially regulate EGFR transcription through these direct interactions with the regulatory regions of EGFR locus.
EGFR inhibition resensitizes SMARCE1-deficient cells to MET and ALK kinase inhibitors in NSCLCs
Since EGFR activation has been causally linked to resistance to MET and ALK inhibitors [35] [36] [37] , we then asked whether EGFR upregulation is required for the observed drug resistance to MET and ALK inhibitors driven by SMARCE1 knockdown using a selective EGFR inhibitor gefitinib. Consistent with the elevated total protein levels of EGFR induced by SMARCE1 knockdown, H1993 and H3122 cells expressing shSMARCE1 vectors maintained elevated p-EGFR levels in the presence of different inhibitors targeting MET (crizotinib and EMD1214063) or ALK (NVP-TAE684 and ceritinib), coinciding with the elevated downstream p-ERK and pAKT levels in the same cells ( Figure 6A, 6C and Supplementary information, Figure S9 ). We found that addition of the EGFR inhibitor gefitinib to treatments targeting MET or ALK abolished the elevated levels of p-EGFR, p-AKT and p-ERK in SMARCE1-knockdown cells ( Figure 6A , 6C and Supplementary information, Figure S9 ). These results suggest that the elevated MAPK/ERK and PI3K/ AKT signaling in SMARCE1-knockdown cells upon in-hibition of MET or ALK results from EGFR activation. Consequently, the addition of gefitinib restored the sensitivity of SMARCE1-knockdown cells to MET and ALK inhibitors in H1993 and H3122 cells in long-term growth assays ( Figure 6B, 6D and Supplementary information, Figure S10 ). Similar results were also obtained in EBC1 cells (Supplementary information, Figure S11 ), confirming the critical role of EGFR activation in the drug resistance driven by SMARCE1 knockdown.
These results are consistent with our re-sensitization screens identifying EGFR whose suppression restores sensitivity to crizotinib in SMARCE1-knockdown cells (Supplementary information, Figure S5 ). Collectively, our findings establish that SMARCE1 suppresses EGFR expression, whose activation is required for the drug resistance phenotype induced by SMARCE1 knockdown and suggest a therapeutic strategy to treat lung cancers with SMARCE1 loss.
Discussion
Our study identifies SMARCE1 as a critical modulator of the drug response to MET and ALK inhibitors in NS-CLC cells and provides a direct link between this SWI/ SNF component and EGFR oncogenic signaling. Mechanistically, SMARCE1 suppresses EGFR expression, in part through regulating the levels of Polycomb Repressive Complex component CBX2. This transcriptional network between SMARCE1, CBX2 and EGFR is supported by gene expression data of the CCLE lung cell line panel and a large number of primary lung tumors. In addition, our ChIP-seq data suggests that SMARCE1 may regulate EGFR expression through direct binding to regulatory elements of EGFR locus.
Suppression of ARID1A, another SWI/SNF component identified in our screens, also confers resistance to MET and ALK inhibitors in H1993 and H3122, but not in EBC1 cells. Similarly, downregulation of SMARCA4 confers drug resistance in H1993 but not in H3122 cells. This may reflect a context-dependent role of SWI/SNF complexes, which are known to vary in their compositions and associations with other cellular components [10, 11, 26] . Consistent with this, we did not observe an inverse correlation between ARID1A or SMARCA4 and EGFR expression in the same lung tumor data sets (data not shown), where SMARCE1 expression is negatively correlated with EGFR expression. Given the context-dependency of SWI/SNF complexes, our data do not rule out the possibility that loss of SMARCE1 activates other oncogenic pathways independent of EGFR in other cell types.
Crosstalk between different RTK signalings is import-ant in mediating resistance to single agent-based therapies targeting EGFR, ALK and MET. For example, MET amplification accounts for ~ 20% of EGFR mutant NS-CLC tumors that acquired resistance to EGFR inhibitors [47] , and EGFR activation results in resistance to MET inhibition in MET-driven gastric cancer cells [35, 36] . In addition, EGFR activation is associated with acquired resistance to crizotinib in EML4-ALK positive NSCLC npg www.cell-research.com | Cell Research patients [37] . These clinical data support our finding that EGFR activation is critically required for drug resistance to MET and ALK inhibitors driven by SMARCE1 loss in NSCLCs. Such treatment combinations targeting EGFR and MET or ALK are currently being explored in clinical trials (NCT01441128, NCT01121575, NCT01801111). While drug resistance patient tumor samples are needed to further validate the role of SMARCE1 in modulating drug responses, the regulation between SMARCE1 and EGFR signaling is likely hard-wired as suggested by our correlation analysis using the large number of lung patient tumors ( Figures 3G, 4K and 4I ). Since SMARCE1 has not been documented to be mutated in lung cancers, our study suggests that its expression may be a potential predictive marker for drug responses to MET and ALK inhibitors and that EGFR inhibitors may be effective to treat SMARCE1-deficient tumors.
Our study establishes a novel role for SMARCE1 in modulating drug responses through regulating EGFR expression in lung cancers. Given the frequent involvement of SWI/SNF complexes and EGFR signaling in various human cancers, our findings may have extended implications to other tumor types in which these signaling pathways have a key role.
Materials and Methods
Compounds and antibodies
Crizotinib (S1068), NVP-TAE648 (S1108), gefitinib (S1025), EMD1214063 (S7067), PHA665752 (S1070) and Ceritinib (S7083) were purchased from Selleck Chemicals (Houston, TX, USA). Primary antibodies used are as follows: EGFR (1005), HSP90 (H-114), pERK1/2 (T202/Y204; E4) and ERK1/2 (C16) were from Santa Cruz Biotechnology; pEGFR (Y1068) was from AbCam; p-MET(3126), MET(3127), p-ALK(3341), ALK(3333), p-AKT (S473) (4060), AKT(2920), p-MEK(#9154), MEK (4694) and H2AK119ub (8240) antibodies were from Cell Signaling; ARID1A (H00008289-M01) was from Abnova; SMARCE1 (A300-810A) was from Bethyl Laboratories; Anti-Flag M2 was from Sigma.
Plasmids
All retroviral shRNA vectors were generated by ligating synthetic oligonucleotides (Invitrogen) against the target genes into the pRetroSuper retroviral vector as described [48] . The following RNAi target sequences were used for retroviral shRNA vectors for this study. shGFP, 5′-GCTGACCCTGAAGTTCATC-3′; shARID1A#1, 5′-GGGGTGAGCTGCAACAAAG-3′; shARI-D1A#2, 5′-AGGAGAAGCTGATCAGTAA-3′; shSMARCE1#1, 5′-GGAAGAAAGTCGACAGAGA-3′; shSMARCE1#2, 5′-GGAGAACCGTACATGAGCA-3′; shSMARCA4#1, 5′-GG-GTACCCTCAGGACAACA-3′; shSMARCA4#2, 5′-GATTTGC-GAACCAAAGCGA-3′. shSMARCA4 vectors are gifts from Dr Katrien Berns (NKI, Amsterdam).
Individual lentiviral shRNA vectors targeting CBX2 were collected from the TRC library. shCBX2#1, TRCN0000020325; shC-BX2#2, TRCN0000020327; shSMARCE1#3, TRCN0000015780; shBMI1#1, TRCN0000020155; shBMI1#2, TRCN0000020157; shRING1#1, TRCN0000021990; shRING1#2, TRCN0000021993.
The human SMARCE1 expression construct and the RNAi resistant forms were generated by PCR amplifying SMARCE1 from H3122 cDNA using the following primers: forward, 5′-GTAC-GAATTCCACCATGTCAAAAAGACCATCTTATGC-3′; reverse, 3′-GAATAAGTGTTGCCTTGTTTTGTGCTCGAGACTG-5′. The fragment was cloned into the retroviral expression vector pMX-IRES-blasticidin using the EcoRI and XhoI restriction sites in the multiple cloning site and sequence verified. The SMARCE1 that is resistant against shSMARCE1#1 was generated by site-directed mutagenesis using the following primer pair: forward, 5′-GCATGGAGAAAGGAGAGCCATATATGAGCAT-TCAGCCTG-3′; reverse, 3′-CAGGCTGAATGCTCATATATG-GCTCTCCTTTCTCCATGC-5′. Figure 6 EGFR inhibition resensitizes SMARCE1-deficient cells to MET and ALK kinase inhibitors in NSCLCs. (A) EGFR inhibitor suppressed the ERK activation driven by SMARCE1 knockdown in MET-amplified NSCLC cells. H1993 cells expressing pRS or shSMARCE1 vectors were cultured in the absence or presence of 500 nM crizotinib, 500 nM gefitinib or their combination for 3 h. Cell lysates were harvested for immunoblot analysis and probed for the indicated proteins. (B) Combination of EGFR and MET inhibitors synergistically inhibits growth of SMARCE1-knockdown NSCLC cells driven by MET amplification. H1993 cells expressing pRS control or shSMARCE1 vectors were cultured in the absence and the presence of 300 nM crizotinib, 150 nM EMD1214063, 150 nM PHA665752, 500 nM gefitinib, or their combinations as indicated. The cells were fixed, stained and photographed after 14 (untreated and gefitinib alone) or 34 days (MET inhibitors alone and gefitinib plus MET inhibitors). Data shown are representative of at least three independent experiments (See Supplementary information, Figure S10 for the quantification and statistical analysis of the independent experiments). (C) EGFR inhibitor suppressed the ERK and AKT activation driven by SMARCE1 knockdown in NSCLC cells harboring EML4-ALK translocation. H3122 cells expressing pRS or shSMARCE1 vectors were cultured in the absence or presence of 100 nM NVP-TAE684, 400 nM Ceritinib, 1 µM gefitinib or their combination for 3 h. Cell lysates were harvested for immunoblot analysis and probed for the indicated proteins. (D) Combination of EGFR and MET inhibitors synergistically inhibits growth of SMARCE1-knockdown NSCLC cells harboring EML4-ALK translocation. H3122 cells expressing pRS or shSMARCE1 vectors were cultured in the absence or presence of 300 nM Crizotinib, 20 nM Ceritinib, 5 nM NVP-TAE684, 250 nM gefitinib or their combination as indicated. The cells were fixed, stained and photographed after 10 (untreated and gefitinib alone) or 28 days (ALK inhibitors alone and gefitinib plus ALK inhibitors). Data shown are representative of at least three independent experiments (See Supplementary information, Figure S10 for the quantification and statistical analysis of the independent experiments). The SMARCE1 that is resistant against shSMARCE1#2 was generated by site-directed mutagenesis using the following primer pair: forward, 5′-GAAGCTGCTTTAGAGGAGGAGAGCCGA-CAGAGACAATCTC-3′; reverse, 3′-GAGATTGTCTCTGTCG-GCTCTCCTCCTCTAAAGCAGCTTC-5′. Both SMARCE1-ND clones were sequence verified. The pBABE-Cbx2-Flag (#1952) was obtained from Addgene.
SMARCE1 suppresses EGFR and controls drug response
Cell culture and viral transduction
H1993, H3122 and EBC1 cells were cultured in RPMI with 8% fetal bovine serum (FBS), penicillin and streptomycin at 5% CO 2 . HEK 293T and Phoenix were cultured in DMEM with 8% FBS, penicillin and streptomycin at 5% CO 2 . Subclones of each cell line expressing the murine ecotropic receptor were generated and used for all experiments shown. Retroviral and lentiviral infections were performed as described [29] .
Phoenix cells were used as producers of retroviral supernatants as described at http://www.stanford.edu/group/nolan/retroviral_ systems/phx.html.
HEK 293T cells were used as producers of lentiviral supernatants as described at http://www.broadinstitute.org/rnai/public/ resources/protocols. The calcium phosphate method was used for the transfection of Phoenix and 293T cells. Selection of infected cells was performed for 7-10 days in 2 µg/ml puromycin or in 10 µg/ml blasticidin.
For the CBX2 restoration assays, H1993 and H3122 cells were first infected with lentivirus harboring pLKO or shSMARCE1#3. After puromycin selection, cells were then infected with 3 rounds of diluted retrovirus containing pBABE or Cbx2-Flag cDNA in order to mimic endogenous CBX2 expression levels. Transduced cells were plated and collected for qRT-PCR and immunoblot analysis 3-6 days after the last retroviral infection. Experiments with the reverse order of infections were also performed for H3122 cells.
Pooled shRNA screens
The human NKI shRNA library and the pooled shRNA screens were performed as described [49, 50] . Additional details can be found at http://www.screeninc.nki.nl. shRNA "Dropout" Screen using a custom TRC Kinome Library was performed as described [32, 51] .
Colony formation assay
Single cell suspensions of the lung cancer cell lines were seeded into 6-well plates (2-4 × 10 4 cells/well) and cultured both in the absence and presence of the indicted inhibitors. At the endpoints of colony formation assays, cells were fixed with formaldehyde, stained with crystal violet (0.1% w/v) and photographed. Crystal violet was then extracted with 10% acetic acid and measured at OD 590 nM. All relevant assays were performed independently at least three times.
Protein lysate preparation and immunoblot
Cells were seeded in medium containing 8% FBS. After 24 h, the medium was replaced with fresh medium (8% FBS) containing the inhibitors as indicated in the text. After the drug stimulation, cells were washed with cold PBS, lysed with protein sample buffer and processed with Novex NuPAGE Gel Electrophoresis Systems (Invitrogen). 
